With polidocanol, it was possible to reduce the MIC as well as the MBC of methicillin, oxacillin, penicillin G, and ampicillin against resistant staphylococci. The strongest effects were obtained with methicillin and oxacillin. All strains tested could be resensitized to these penicillins independent of the original resistance levels. Polidocanol was not inhibitory by itself for Staphylococcus aureus. Furthermore, it did not inhibit the activity of staphylococcal ,-lactamase. This permits the conclusion that an intrinsic resistance mechanism is affected by this substance. Its action cannot be simply explained by an improved accessibility of the penicillin targets as uptake, and binding of methicillin and penicillin G in resistant cells was not changed by polidocanol. On the other hand, the lysis indpced by combinations of this substance with small amounts of a penicillin was antagonized by chloramphenicol. This suggests that autolytic enzymes are involved in the polidocanol effect and possibly in the intrinsic resistance mechanism itself. Before polidocanol can trigger lysis, the penicillin must act first in some way. As could be seen with a susceptible strain, the resulting lysis did not exceed that obtained with penicillins alone. Thus, polidocanol does not exhibit an independent lytic mechanism but obviously is able to substitute penicillins in their lytic action.
Bacterial resistance to penicillins can be expressed phenotypically in different ways. The most common type of penicillin resistance is that based on the inactivation of penicillins by J-lactamases. Besides this, enzyme-independent mechanisms exist which are termed intrinsic resistance. In staphylococci, the most typical form is resistance to methicillin (and oxacillin). Although altered penicillin-binding properties were recently found in resistant staphylococci (4, 5, 12, 13) , the mechanism of methicillin resistance is still unclear. In gram-negative bacteria, intrinsic resistance is due to a permeability barrier in the outer membrane (23) . A special form of penicillin insensitivity is the so-called tolerance described by Sabath et al. (27) and characterized by low MICs but high MBCs of penicillins.
Many successful efforts have been made to overcome the ,-lactamase-mediated type of penicillin resistance. In contrast, it was not possible until now to influence the methicillin resistance in staphylococci.
In this paper, we report on the suppression of resistance to methicillin and oxacillin in Staphylococcus aureus by polidocanol (PDO) . Resistance to penicillin G and ampicillin was also affected but to a lower extent. The activity of 1-lactamase, however, was not inhibited by PDO, indicating that its action is directed against an intrinsic resistance mechanism. Lysis induced by combinations of PDO and penicillins could be inhibited by chloramphenicol (CAP).
This finding points to the participation of autolytic enzymes in the PDO effect and possibly in the resistance mechanism itself.
MATERIALS AND METHODS
Organisms. Penicillin-resistant staphylococci from different sources were employed in this study. Strains 4503, 6641, 5814 S, and S108 were resistant to penicillin G, and all others were additionally resistant to methicillin. Strain 9204 was a P-lactamase-negative variant of a methicillin-resistant wild-type strain (10) . Strains 5814 R and 5814 S were isolated the MIC was recorded as usual. The MBCs were determined by subculturing aliquots (0.01 ml) from each clear tube on antibiotic-free agar as described by Pearson et (20) .
Binding of methicillin to growing cells. Staphylococci were grown in brain heart infusion broth to early logarithmic phase in a shaking water bath at 37°C. Methicillin (10 nmol/ml) and, where appropriate, PDO (0.1 mg/ml) were then added, and growth was allowed to continue, for 30 min at 37°C. Then the cells were washed and the cytoplasmic membranes were prepared in the same manner as before. The membrane samples were incubated with 14C-labeled penicillin G (0.3 nmol/ml) for 15 min at 370C to saturate the remaining free binding sites. The reaction was terminated by the addition of a 1,000-fold excess of unlabeled penicillin G. After three washings with Tris buffer (0.05 mol/liter; pH 7.5), (Table 1) . Eight strains expressed resistance to all four penicillins. The others were resistant only to penicillin G and ampicillin.
PDO alone was not inhibitory to these strains up to 100 mg/ml. When PDO (0.1 mg/ml) was combined with the penicillins, it resulted in a marked reduction of the MICs ( Table 1 ). The effect was seen to different extents with the 2.0 -S.Oureus35814R four penicillins. It was most pronounced with oxacillin. In the presence of PDO, the MICs of this penicillin were reduced to 0.25 to 1.0 ,ug/ml, indicating that all strains had regained normal susceptibility. Depending on the original degree of resistance, this means reduction of the MICs by factors from 62.5 up to 2,000. Similar results were obtained with methicillin. In the case of this antibiotic, the MICs could also be lowered to the susceptible range by combination with PDO. Strain 5814 R is remarkable in that its resistance to both oxacillin and methicillin was extraordinarily well influenced by PDO. The resistance to penicillin G and ampicillin was also reduced by PDO. In general, ampicillin resistance was more suppressed than that to penicillin G. However, full susceptibility could not be attained with ,B-lactamase-producing strains. The highest reduction was found for strain 4503 and ampicillin, decreased by a factor of 1,000. An exceptional position was occupied by S. aureus 9204. This strain did not produce P-lactamase and thus exhibited a pure form of intrinsic resistance to penicillin G and ampicillin. This resistance was completely suppressed by PDO.
The influence of PDO was not restricted to the MICs of the penicillins. It referred also to their bactericidal action. This was proven by determination of MBCs ( Table 2) . Most of the MBCs of the four penicillins were 2 to 4 times higher than the corresponding MICs. In some cases this factor was increased up to 16 .
With the methicillin-resistant strains, the influence of PDO on MBCs was more marked than that on MICs, a finding that 5 6 24 
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The influence of PDO on the resistance to methicillin and oxacillin was also studied at 30°C with four strains (Table 3) .
At this lower temperature, the MICs were 2-to 32-fold l2 higher than at 37°C, as is typical of methicillin-resistant staphylococci (14) . In the presence of PDO, the strains became susceptible to both antibiotics also under these this strain (Table 4 ). The MIC of oxacillin was decreased only twofold. The MIC of PDO was in the same range (>100 mg/ml) as that described for the resistant strains.
Comparable results were obtained when growth inhibition kinetics were studied. In Fig. 3 Influence of PDO on the activity of ,-lactamase. It could not be excluded that PDO acts on the resistance to penicillin G and ampicillin in staphylococci by inhibition of ,-lactamase. Therefore, the influence of PDO on the penicillin G-hydrolyzing activity of P-lactamase from S. aureus S108 was determined (Fig. 4) . No inhibition of the enzyme could be detected. In fact, increasing stimulation of the ,-lactamase activity occurred, reaching a maximum value in the presence of 1 mg of PDO per ml. At this concentration, the rate of penicillin G hydrolysis was more than twice that in the control sample.
Similar results could also be obtained with a commercially available P-lactamase from B. cereus. PDO again produced an increase of the enzyme activity. The maximum stimulation factor was 1.5 with a PDO concentration of 1 mg/ml (data not shown).
Binding of 3H-labeled penicillin G and methicillin in the presence of PDO. The influence of PDO on binding of penicillins to their targets in the cytoplasmic membranes of resistant staphylococci was investigated with strain 9204, using 3H-labeled penicillin G and methicillin. As mentioned before, this strain did not produce ,3-lactamase; therefore, its resistance to penicillin G is of the intrinsic type like that to methicillin.
First, the binding of 3H-labeled penicillin G to the membranes was examined after incubation of whole cells suspended in buffer with various concentrations of penicillin in the presence of 0.1 mg of PDO per ml (Fig. 5) . The binding curve obtained showed saturation-type kinetics, and there was no deviation from the PDO-free control.
When samples of membranes obtained from 3H-labeled penicillin G-treated cells were subjected to polyacrylamide gel electrophoresis and fluorography, three PBPs were found (Fig. 6) . The electrophoretic mobilities of these PBPs were identical to those known from susceptible staphylococci (19, 28) . PBP 4 was not visible under these conditions because of the rapid release of penicillin G from this PBP (19) . Half saturation of PBPs 1, 2, and 3 was achieved with 0.1 to 0.3 nmol of 3H-labeled penicillin G per ml. These affinities were not changed by PDO presence of methicillin alone (10 nmol/ml) or in combination with PDO (0.1 mg/ml). After isolation of the cytoplasmic membranes, the remaining free binding sites were saturated with 14C-labeled penicillin G. Under these conditions, methicillin occupied ca. 60% of the penicillin targets (Table 5) . These binding properties were not changed by PDO.
DISCUSSION
With PDO, we were able to reduce the resistance of staphylococci to penicillins. The bactericidal action of the combinations resulted in the lysis of staphylococcal cells. PDO alone was not inhibitory but produced only a limited deceleration of cellular growth. Resistance to methicillin and oxacillin was fully suppressed in all strains. With respect to penicillin G and ampicillin, this was only possible in the P-lactamase-negative strain. In the case of ,-lactamaseproducing strains, variable but incomplete reduction of the resistance to these two penicillins was achieved. PDO did not inhibit the activity of staphylococcal 1-lactamase. There- fore, its effect must be different from that of other surfactants which have been reported to reduce staphylococcal resistance to penicillin G but not to methicillin (32) .
First, it seemed likely that PDO would stimulate uptake and binding of penicillins to the resistant staphylococci. However, this was not the case. The binding of methicillin to cytoplasmic membranes of growing cells was not changed by PDO. No alteration was found when the binding of 3H-labeled penicillin G to the PBPs of resistant cells was studied in the presence of PDO. These results correspond well with findings of Hartman and Tomasz (12) . They reported that in methicillin-resistant staphylococci at pH 5.2, methicillin binding was not increased, although at this pH value these staphylococci are not able to express their resistance.
The fact that cell lysis of our resistant strains was inhibited by CAP points to the participation of autolytic enzymes in the lethal effect of PDO-penicillin combinations. From Streptococcus faecalis it is known that nonionic detergents can interact with the autolytic enzyme systemn to induce cellular lysis (8) . Staphylococci, however, were not lysed by PDO alone. Lysis could only be achieved if small amounts of a penicillin had acted before.
In susceptible gram-positive bacteria, it was found that autolytic enzymes are activated by the action of f-lactam antibiotics probably as a consequence of the inhibition of peptidoglycan cross-linking (1, 33) . For methicillin-resistant staphylococci, however, it has been reported that lysis does not occur, though the cross-linkage of their peptidoglycan is decreased by methicillin (35) . Wilkinson and Qoronfleh (34) have shown that peptidoglycan, isolated from resistant cells grown in the presence of methicillin, was sensitive to autolysin, but this was not true for the whole cells, pointing to an altered regulation of the autolytic activity in methicillin-resistant staphylococci.
Lipoteichoic acids and phospholipids (mainly cardiolipin and phosphatidyl glycerol) are known to regulate autolytic PBP . VOL. 27, 1985 637 enzymes of gram-positive bacteria (7, 15, 31) . There is some evidence that these negatively charged compounds are not enzyme inhibitors in a classical sense but form micelles in which the autolytic enzymes are entrapped (2, 6) . Thus, a topological barrier will be established between the enzymes and their substrate, the peptidoglycan. Tomasz and Waks originally suggested that inhibition of cell wall synthesis by penicillins triggers the bacterial autolysins by destabilizing this endogenous enzyme-inhibitor complex (33) . As a consequence, lipoteichoic acids and lipids are released from the cells (3, 16, 17) .
In methicillin-resistant staphylococci, this mechanism of autolysin activation appears to be blocked in some way.
Earlier investigations (9, 18, 25) and newer results from our laboratory (unpublished) have revealed changes of the lipid composition in resistant staphylococci which may lead to an abnormally strong inhibition of the autolytic enzymes. Probably PDO reverses this inhibition by releasing lipoteichoic acids and lipids from the cytoplasmic membranes of the resistant cells. The fact that methicillin (or oxacillin) is additionally required for lysis points to the incapability of autolytic enzymes, activated by PDO, to attack undegraded peptidoglycan.
This is most likely due to the high rate of cross-linkage in staphylococcal peptidoglycan. That methicillin really acts as "pacemaker" in the combined action with PDO can be seen from the pretreatment experiments (Fig. 1) .
In the case of resistance to penicillin G (or ampicillin), the same mode of action can be assumed. In P-lactamase producers, small amounts of active penicillin are still available that are obviously sufficient to make some relaxation of the rigid peptidoglycan structure essential for PDO to perform its lytic action. For susceptible staphylococci, there is also some evidence that sub-MICs of penicillins cooperate with PDO in the same manner (Fig. 3) . With the latter experiments, it could be demonstrated that the kinetics of PDO-mediated lysis just follows that of the particular penicillin. In addition, lysis induced by inhibitory concentrations of penicillins alone was not increased. Thus, PDO does not exhibit an independent lytic mechanism but is obviously able to substitute penicillins in their lytic part of action.
